Magnon-photon coupling in antiferromagnets has many attractive features that do not exist in ferro-or ferrimagnets. We show quantum-mechanically that, in the absence of an external field, one of the two degenerated spin wave bands couples with photons while the other does not. The photon mode anticrosses with the coupled spin waves when their frequencies are close to each other. Similar to its ferromagnetic counterpart, the magnon-photon coupling strength is proportional to the square root of number of spins √ N in antiferromagnets. An external field removes the spin wave degeneracy and both spin wave bands couple to the photons, resulting in two anticrossings between the magnons and photons. Two transmission peaks were observed near the anticrossing frequency. The maximum damping that allows clear discrimination of the two transmission peaks is proportional to √ N and it's well below the damping of antiferromagnetic insulators. Therefore the strong magnon-photon coupling can be realized in antiferromagnets and the coherent information transfer between the photons and magnons is possible.
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Information transfer between different information carriers is an important topic in information science and technology. This transfer is possible when strong coupling exists among different information carriers. Strong coupling has already been realized between photons and various excitations of condensed matter including electrons, phonons, 1,2 plasmons, 3-5 superconductor qubits, 6 excitons in a quantum well 7 and magnons. 8-10 Among all of the excitations, magnons, which are excitations of the magnetization of a magnet, are promising information carriers in spintronics because of their low energy consumption, long coherent distance/time, nanometer-scale wavelength, and useful information processing frequency ranging from gigahertz (GHz) to terahertz (THz). Furthermore, magnons can also be a control knob of magnetization dynamics, [11] [12] [13] and magnon bands of a magnet can be well controlled by either magnetic field or electric current. The electric field E and magnetic inductance B in a microcavity of volume V can be sufficient strong even with only one or a few photons of frequency ν (|E|, |B| ∝ hν/V ). Therefore, the coupling between the microcavity photons and the magnons of nanomagnets have received particular attention in recent years. Moreover, similar to the cavity quantum electrodynamics 14 which deals with coupling between photons and atoms in a cavity and provides a useful platform for studying quantum phenomenon and for various applications in micro laser and photon bandgap structure, cavity magnonics is also a promising arena for investigating magnons at the quantum level and for manipulating information transfer between single photon and single magnon.
The theoretical demonstration of a possible coupling of a ferro-/ferrimagnet to light was provided in 2013.
8 The coupling strength is proportional to the square root of the number of spins √ N and the coupling energy could be as big as ∼ 100 µeV in a cavity of ∼ 1 mm and resonance frequency ∼ 200 GHz. The prediction was experimentally confirmed by placing a yttrium iron garnet (YIG) particle in a microwave cavity of high quality factor.
9,15-17 Many applications based on these results have been proposed, including the generation and characterization of squeezed states through the interaction between magnons and superconducting qubits via microwave cavity photons 15 and coherent information transfer between magnons and photons. 16 The information can be transmitted and read out electrically in the hybrid architecture under a strong magnon-photon coupling.
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Antiferromagnets (AFM) have many useful properties in comparison with ferromagnetic materials such as better stability against the external field perturbations and negligible cross talking with the neighboring AFM elements because of the absence of stray fields. The AFM dynamics is typically of the order of THz, much faster than the order of GHz for ferromagnets. Because of these superb properties, various aspects of antiferromagnetic spintronics have attracted significant interests in the last few years including domain wall motion, skyrmions, magnetoresistence, magnetic switching, spin pumping, spin current transport and so on. 19 However, only few works based on the classical electrodynamics were reported on the magnon-photon coupling 20, 21 in AFM so far. In order to have a better understanding of the magnon-photon coupling in AFM, we would like to study the issue at the quantum level. In this letter, we demonstrate quantum mechanically the existence of magnon-polariton in an AFM and show that there exists a dark mode and a bright mode in the strong coupling regime. Antiferromagnetic insulators with low damping are promising candidates to realize strong magnon-photon coupling.
We consider a two sublattice antiferromagnet whose spins on the sublattices (a and b) align in the opposite directions along ±z-axis as shown in Fig. 1 . The Hamiltonian of the AFM coupled with light through its mag- netic field is
where H AFM , H ph , H int are respectively the Hamiltonian for AFM, photon and their interaction. J (> 0) is the exchange constant, S a l and S b l are the spins on sites l of sublattices a and b respectively. δ denotes the displacement of two nearest spins. H 0 is the external magnetic field and H a is the anisotropy field. E and B are the electric field and magnetic inductance of the electromagnetic (EM) wave and H f is the corresponding magnetic field, ǫ 0 and µ 0 are vacuum permittivity and susceptibility, respectively.
Using the Holstein-Primakoff transformation, 22 H AFM in the momentum space can be written as
where H ex = 2JSz, z and γ q are respectively the coordination number and the structure factor of the lattice. The EM wave could be quantized through the standard procedures
, N , V and ω q are respectively the Planck constant, the number of spins on each sublattice, the volume of the cavity, and the photon frequency. The photon dispersion
and photons, respectively, and they satisfy the commutation relations for bosons.
The Hamiltonian (2) does not conserve the magnon number, and can be diagonalized by the Bogoliubov transformation,
where u q = (∆ q − 1)/2, v q = (∆ q + 1)/2, and
where
is magnon dispersion relation of an AFM. γ is gyromagnetic ratio and H sp = H a (H a + 2H ex ) is the spin-flop transition field. Under the transformation of Eq. (3), the interaction Hamiltonian is
Because the slope of the photon dispersion relation is much more steep than that of the magnon, the photon can only interact strongly with the magnons around the Gamma point (q = 0). For simplicity, we set q = 0 and the sum in the H AFM is removed. To obtain the eigen-modes of the coupled system, we define Ψ = (α q , β † q , c † q )
† and write the Hamiltonian in the matrix form H = Ψ † MΨ with
and ω c is the photon frequency.
The eigen-equation of M reads
In the absence of an external field, this cubic equation has analytical solutions
The typical dispersion relation is shown in Fig. 2a . Obviously, one magnon band is left unchanged (ω 3 , red line) and the other band is coupled with the photon mode and anticrosses with each other (ω 1 and ω 2 , blue and yellow lines). Therefore, one of the degenerated magnon band at H = 0 is a dark mode that doesn't interact with the photons while the other is a bright mode and interacts with the photon. For very small and very large wavevector q, the linear dispersion are mainly from the photons (dashed line). Only near the wavevector q = ω r /c, where the photon frequency equals magnon frequency, the anticrossing feature becomes pronounced. When the external field is non-zero, the double degeneracy of the magnon modes are removed with an energy split proportional to 2H. Both magnon bands are coupled with the cavity photon, but the two anticrossings appear at two different q, which is determined by q = ω ± /c, as shown in Fig. 2b . On the other hand, for a fixed photon frequency of ω c , strong coupling occurs by adjusting the external field H so that ω ± = ω c . Depending on the magnitude of the photon frequency, strong coupling can be with either the ascending band ω + or descending band ω − , as shown in Fig. 2c and 2d , respectively. Furthermore, to achieve a reliable information transfer between the magnons and photons, it's important to know the coupling strength between the magnons and photons. According to Eq. (8), the frequency split of the two anticrossing modes at the resonance is ∆ω = √ 2λ = 2 √ 2g c (u + v), which is proportional to the coupling strength g c (u + v). Thus we will express the coupling strength by ∆ω below. The coupling strength as a function of spin numbers N is shown in Fig. 2e . The coupling strength increases linearly with the square root of N . For N = 2.0 × 10 16 , H = 0.1H sp , the coupling is 11.3 µeV . Figure 2f shows the field-dependence of the coupling strength. The coupling strength first increases sharply with the field and then approaches a constant value.
The transmission of an incident EM wave is often measured in the experiments. As argued in the previous publications, 23 the transmission can be viewed as a scattering process, which is well described by the Green function of a magnet-light system. Suppose the eigenvectors of eigenvalues ω 1,2,3 are |1 , |2 , |3 , respectively. Then the Green function in the diagonal basis is
where ǫ is an arbitrary small positive number. The transmission amplitude is the imaginary part of the Green function, i.e. T(ω) ∝ −Im(G(ω)). The transmission of an incident wave |ϕ 0 (eigen-mode of c † q c q ) is T = ϕ 0 | T |ϕ 0 . Figure 3a is the transmission near the photon frequency for H = 0.15H sp and N = 1.56 × 10 7 . Two transmission peaks center at the calculated eigenfrequency (dashed lines), which demonstrates the strong magnon-photon coupling. The δ-function like transmission peaks are due to the absence of the damping. In realistic case, the damping will broaden the peaks of the Lorentzian curve. If the damping is large enough, the two Lorentzian peaks will merge to a single peak and then the coupling modes cannot be identified.
To quantitatively see the influence of damping on the transmission spectrum, we first replace ω r by ω r − iαω r in the matrix M, where α is the strength of damping, then we calculate the complex eigenvalues and eigenvectors of M and use them to compute the imaginary part of the Green function (transmission amplitude). Figure  3b -e is the frequency-dependence of the transmission for α increasing from 0.001 to 0.02. Indeed, (transmission) peak width increases, and peak height decreases with the increase of α. For the parameters used in our calculations, two peaks become indistinguishable for damping larger than 0.02. As the number of spins N increases, the coupling strength between magnons and photons increases, then the magnon-polariton is more stable to resist the intrinsic damping of magnons. Figure 3f The numerical data could be perfectly described by using c 0 = √ 2, as shown by the orange line in Fig. 3f .
Our results suggest that the key to realize the strong magnon-photon coupling in AFMs is to use low damping materials. The intrinsic damping of an antiferromagnetic metal is of the order of 0.5 according to the first principles calculation, which will be published elsewhere. Hence antiferromagnetic metals are not favorable for realizing strong magnon-photon coupling. The damping of antiferromagnetic insulators such as NiO can be as low as 2.1 × 10 −4 , 24 comparable to that of YIG. Thus, the strong coupling can be realized in low damping antiferromagnetic insulators according to our results. In terms of the detection of the coupling signal, we can either measure the transmission spectrum or use electric detection method to measure the voltage signal of a hybridized structure. For the ferromagnetic case, the coupling strength between magnon and microwave photons have been measured through the electrical detection of spin pumping from the ferromagnetic layer. 18 It was recently reported that spin pumping exists also at the interface of AFM/normal metal. 25 In fact, AFM layer may even enhance the spin pumping. Thus, electrical detection of the coupling signal in AFM is also possible in the hybridized structures. Furthermore, magnon modes in an AFM has already been experimentally excited by using sub-THz technology.
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In conclusions, we have quantum-mechanically investigated the magnon-photon coupling in an antiferromagnet. The coupling strength is proportional to the square root of number of spins and can be order of several µeV to tens of µeV , which could be observed in low damping AFM insulators. In the absence of an external field, only one magnon band is coupled with the cavity photon and anticrosses with each other near the cavity frequency while the other does not. External fields remove the double degeneracy in magnon bands and both magnon bands couple to the cavity photon, resulting in two anticrossings.
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